Atomically flat metal ultrathin films grown on semiconductor substrates form a quasi-two-dimensional (2D) electronic system, which offers a great opportunity to explore novel properties induced by quantum size effects (QSE). In such a system, the motion of electrons in the film plane is essentially free, however, in the film normal direction it is confined, which leads to the quantized electronic states, i.e., quantum well states (QWS). The formation of QWS induces the redistribution of electrons and changes the electronic structure of the metal films and thus modifies their properties. By controlling the film thickness-the width of the confinement potential well, the QWS, together with the physical and chemical properties of the films can be engineered. In this article, we will summarize our recent studies on this problem in the Pb/Si(111) system, and discuss the perspectives in this area.
Introduction
Nanomaterials usually exhibit novel properties that are remarkably different from their bulk counterparts and are of intense research interests in light of both fundamental science and technological applications. The underlying cornerstone for nanoscience and technology is quantum physics. Among many important problems in quantum mechanics, probably the one-dimensional (1D) ''particle in a box'', i.e., the confinement of electrons in a 1D square potential well with infinite walls, is the simplest and most well-known one. The 1D confinement results in formation of a set of discrete energy states, namely the quantum well states (QWS). The formation of the QWS, the so-called quantum size effects (QSE) depends strongly on the size of the systems and can dramatically regulate properties of such systems. Understanding the relationship between QSE and the resulted properties of nanomaterials are not only of great significance in basic research, but also very important for developing new functionalities and applications based on the existing materials. Despite of tremendous efforts along this line, such kind of research has been greatly limited by difficulties in atomic-level control of nanostructures and characterization of individual nanostructure, which is particularly true when the confinement takes place in more than one direction. The prepared nanostructures usually suffer from size fluctuation, resulting in not well-defined material properties, and hence the evidences for the QSE are often qualitative.
Atomically flat metal thin films on an appropriate substrate are one of the simplest real systems in terms of the abovementioned quantum mechanics problem ''particle in a box''. In such a system, the motion of electrons perpendicular to the film surface is confined in the potential well formed between the vacuum level and substrate band gap (or wave vectordependent relative gap for a metal substrate), as schematically illustrated in Fig. 1 . Hence, the electrons are quantized into QWS [1] [2] [3] [4] [5] only in the film normal direction and behave as free electrons in the other two. By varying the film thickness, i.e., the width of the potential well, the electronic density of states (DOS) near the Fermi level (E F ) of the system could be modulated. If the film surface is atomically smooth in macroscopic scale, the QSE induced property modulation can be easily studied as a function of film thickness by most traditional macroscopic techniques.
The QWS has been already widely explored in metal films, such as Ag, 6) Mg, 7) Fe, 8) and other metals, 9) and the QSE on material properties, such as Hall effect, 10, 11) superconductivity, 12, 13) resistivity, 14) thermal stability, 15) have been reported. The QSE on growth behaviors has also been studied. In a fast scanning tunneling microscopy (STM) study on Ag/ Ag(111), 16) the adatom island decay rates were found to be modulated by QSE. Another work using angle-resolved photoemission spectroscopy (ARPES) and X-ray photoelectron diffraction showed that pronounced QSE were only present in the Au films grown on Nb(100) at low temperature (LT), and the structure of the Au films changed to hexagonal close-packed (hcp and/or dhcp). 17) The chemical reactivity of a surface, being closely related to the DOS at E F [DOS(E F )] and easily influenced by QSE, has also been investigated because of many important technological applications. Pronounced thickness-dependent variations in the oxidation rate were observed on Mg films on W(110) by comparing the initial oxidation rate of atomically flat Mg films of different thicknesses.
18) The changes in the decay length were proposed to explain the correlation between surface reactivity and QSE. 19) The interaction between spin-polarized electrons and QWS, related to spin-dependent transport and oscillatory magnetic interlayer coupling, is another interesting topic. [20] [21] [22] [23] By studying the QWS in non-magnetic metal films grown on magnetic metal substrates, not only the information on the thin metal films forming the well, but also the properties of interface and substrate could be obtained, since the QWS is very sensitive to the structure of interface and substrate. Some other QSE modified properties include surface plasma damping and dispersion, 24) optical absorption, 25) tunneling conductance 26) and so on.
To form QWS in a metal thin film, usually, a semiconductor substrate should be used where the band gap is necessary for establishing the confinement (see Fig. 1 ). Because of the very short Fermi electron wavelength ( F , in nanometer scale for most metals), an elaborate proof for the QSE requires atomically flat films with precise control of their thicknesses on a macroscopic scale, by which the property change can be detected by the traditional macroscopic methods. However, because of the lattice mismatch and different nature in chemical bonding, the growth of flat metal thin films with uniform thickness in macroscopic scale on a semiconductor surface is very difficult. Under the simplest picture of electronic wave interference (nondiffractive scattering), the metal film can be regarded as a Fabry-Perot interferometer. Thus, modulation of QWS in a metal film by its thickness (N) should cause an oscillatory variation of DOS (E F ), with a period defined as F =2a 0 (a 0 is the interlayer spacing along the metal surface normal direction). A convincing demonstration of QSE is an oscillatory dependence of its properties on N. From this viewpoint, Pb (111) films are particularly unique for the study of QSE because F in Pb is nearly four times of the interlayer spacing (a 0 ) along the (111) crystallographic direction ( F % 4a 0 ); only one atomic-layer variation in film thickness would cause a significant change in the electronic structure, and a shortest oscillation period of two monolayers (ML) is expected in the DOS as well as the properties so that the QSE would be easily observed (if the oscillation period is quite large, in order to establish a well-defined oscillation the films have to be very thick where the QSE might become insignificant).
Probably for this reason, many interesting results were obtained in the Pb/Si(111) system. [27] [28] [29] [30] Non-diffractive scattering of electrons was directly observed in the wedgeshaped Pb islands on Si(111) by using STM, 4, 5) its quantum origin was revealed by scanning tunneling spectroscopy (STS) measurement. Several groups observed that the stability of Pb islands depends on the thickness, magic and preferential heights of the islands were identified by their STM/STS measurements. 27) In the case of flat Pb films, ARPES studies revealed the significance of QSE on DOS(E F ) 31) and thermal stability of the Pb films, 11, 32) and the stability was explained in terms of the electronic structure modulation by QWS. Quantum beating patterns in the thickness-dependent surface energy 32, 33) were also observed, which, according to the simple picture mentioned above, should be a manifestation of the slight deviation from the perfect matching F ¼ 4a 0 . Further studies on the thermal stability of Pb thin films showed the importance of interfacial structures, 34, 35) which change the boundary conditions, and the resulted morphology changes can be easily understood by the phase accumulation model. 2, 3) The first definitive and quantitative demonstration of QSE on superconductivity in the Pb/Si(111) system was based on the atomically flat films. 36, 37) By using a low temperature growth method to suppress the surface roughening due to the lattice and bonding mismatch, uniform Pb films in macroscopic scale, with precisely controlled thicknesses in terms of atomic layers, were prepared on Si(111)7 Â 7 substrates. As a result, the quantum oscillations in superconducting transition temperature T c were observed, which correlate perfectly with the confined electronic structure. 36) Other novel properties induced by QWS, such as double-layer growth, [29] [30] [31] 38) selective strip-flow growth and growth rate modulation, 39) oscillating perpendicular upper critical field, 40) thermal expansion, 41) adhesion force, 42) local work function (LWF), 43) and surface diffusion barrier, 44) have also been observed. In this article, we would mainly summarize these recent results on Pb/Si(111) by our group. A more comprehensive review on the study of the QWS in metal thin films can be found elsewhere.
2,3)

Experimental Methods
The experiments were mainly performed in an Omicron STM-ARPES-MBE combination system under ultra-high vacuum (UHV; the base pressure is $5 Â 10 À11 Torr). The Si(111) substrates were cleaned using the standard hightemperature flash procedure in the MBE chamber. High purity (99.999%) Pb was evaporated from a Knudsen cell, and the deposition rate was controlled to approximately 0.5 ML/min. 45) During the Pb deposition, the substrate was cooled down to $145 K by liquid nitrogen flow and the pressure was controlled to lower than $5 Â 10 À10 Torr. The film morphology were in situ monitored by reflection high-energy electron diffraction (RHEED) along the ½1 " 1 10 azimuth of the Si(111)-7 Â 7 surfaces at glancing incidence angle with the electron beam energy of 12 KeV. After growth, the samples were slowly (5 K/min) warmed up to room temperature (RT) in order to anneal out morphological imperfections. As discussed in next section, this procedure ensures the films to be atomically flat and stable at RT for sample transfer from one place to another. Then, the samples were transferred from the MBE chamber to an analysis chamber, where an Omicron STM and an ARPES system were installed, allowing in situ characterization of the surface morphology and electronic structure. STM measurements were carried out at both RT and LT ($240 K) with a constant current (20 pA) mode. The photoemission spectra were collected by a GAMMADATA SCIENTA SES-2002 analyzer, with an energy resolution of 2 meV. For low temperature STM/STS and LWF measurements, a Unisoku low temperature STM-MBE system with a base pressure better than 1 Â 10 À10 Torr was used. In this system, the sample temperature can be cooled down to 2.2 K by liquid He while the data presented in this review were collected at 77 K. 
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The transport property measurements were carried out by using a Quantum Design Magnetic Property Measurement System (MPMS-5). To protect the Pb films from oxidation, several layers of Au were capped on them before taking out from the UHV chamber.
Note that, the thicknesses of the Pb films in the ARPES and superconductivity experiments are determined by fitting the phase accumulation model, with the wetting layer (3 ML) included, while in the experiments of selective strip-flow growth, thickness-dependent adatom surface diffusion, LWF and adhesion force thickness, where the Pb islands instead of the Pb films are explored, the thicknesses are directly measured from the top of the wetting layer in the STM images. Thus, there is a 3 ML (the thickness of the wetting layer) difference in the definitions of thicknesses for Pb films and islands.
Quantum Size Effects Induced Novel Growth Behaviors
Double-layer growth behaviors of Pb films
To suppress the Stranski-Krastanov growth of Pb on Si at RT and above, which is typical for a metal-on-semiconductor system where the lattice mismatch is usually large, a LT MBE growth of Pb films on Si(111) was employed to achieve an ideal two-dimensional (2D) system. 46) With this method, atomically flat Pb films in macroscopic scale could be prepared on several semiconductor substrates, whose stabilities depended strongly on the film thickness. [46] [47] [48] [49] [50] [51] [52] An ''electronic growth'' model was proposed to account for the intriguing growth behavior, where the QSE dominates in the magic stability of thin films. 53, 54) The upper panel in Fig. 2 displays the sequential RHEED patterns during Pb growth at the Si substrate temperature of 145 K. The 7Â fractional diffraction streaks become weak after 1 ML Pb deposition [ Fig. 2(a) ] and disappear completely at 1.5 ML (not shown) because of the formation of featureless wetting layer. With increasing thickness, 1Â like long dim streaks superimposed with bright spots appear [ Fig. 2(b) ], suggesting the formation of three-dimensional (3D) islands above the wetting layer. The spots, the fingerprint of the 3D islands, are interconnected gradually and evolve into long sharp streaks at $6 ML [ Fig. 2(c) ]. Above 6 ML, the growth turns into layer-by-layer, as evidenced by the sharp 1 Â 1 streaks. With further Pb deposition, there is no noticeable change in the RHEED patterns [ Fig. 2(d) ]. Although quantitative understanding needs more experiments, the limited atom diffusion at low temperature is the key factor for this intriguing 2D layer-bylayer growth.
Shown in the lower panel in Fig. 2 are the corresponding STM images recorded at RT. Below 1.5 ML, the deposited Pb atoms form a featureless wetting layer, consisting of small Pb clusters [ Fig. 2(e) ]. Many 3D flat-top islands are observed when the thickness is between 1.5 and 6 ML [ Fig. 2(f) ], corresponding to the streak-plus-spot RHEED pattern in Fig. 2(b) . Surprisingly, while a uniform film in the thickness regime 6 -10 ML is expected from the RHEED pattern in Fig. 2(c) , the corresponding RT morphology exhibits interconnected islands [ Fig. 2(g) ]. The films only become stable at RT after the coverage increases to 10 ML, as shown by the STM image in Fig. 2(h) . Hence, 10 ML can be identified as a critical thickness (or the smallest thickness) for the formation of stable films at RT.
The above morphology evolution (<10 ML) can be qualitatively explained by the ''electronic growth'' model. According to this model, the stability of a thin film is intimately related to the electronic contribution to the system energy, which mediates a long-range force, counteracting the unfavorable over-layer substrate interface energy. 53, 54) The trade-off between the energy minimization by the longrange force and the energy punish from the thermal effects defines a ''critical thickness'' of 10 ML at RT. Above 10 ML, the RT morphology of the films exhibits a double-layer structure (Fig. 3) ; while the 13 ML film shows an atomically smooth surface [ Fig. 3(a) ], the 14 ML film is actually composed of a flat 13 ML film plus 2 ML-high islands covering 50% of the surface area. Such double-layer structure appears again for the thicknesses of 16 ML, 18 and 20 ML. Since the quantized energy levels or the QWS of a film are unique to its thickness by the Bohr-Sommerfeld quantization rule, 2, 3) we use photoemission spectroscopy to identify the magic stability or double-layer structure. Series ARPES spectra of the Pb films with atomically flat surface are displayed in Fig. 3(c) . The sharp and intense peaks near the Fermi level correspond to the QWS peaks, while the broad and less intense peaks with a binding energy larger Fig. 3(c) ]. For the films with nominal thicknesses of 11, 14, 16, 18 , and 20 ML where half of the surface is covered by 2 ML-high islands, the corresponding photoemission spectra exhibit a mixture of different sets of QWS peaks from the adjacent stable layers as shown before. Based on the measurements by both ARPES and STM, the observed double-layer growth is nothing but a consequence of QSE which favors formation of a film with minimized electronic energy. From these measurements, a turning point at 13 ML, where the stable thicknesses change from even layers (below 13 ML) to odd layers, was also identified. Above 21 ML, the growth proceeds basically via a layer-bylayer mode and atomically flat films with continuous layers could be obtained. 38) 3.2 Selective strip-flow growth on Pb islands and growth rate modulation If the coverage is controlled to less than about 3 ML and deposition is performed at RT, the Pb growth on Si (111) substrate proceeds in the Stranski-Krastanov mode, i.e., first wetting the Si substrate by $2 ML followed by formation of Pb islands on top of the wetting layer. As shown in Fig. 4(a) , the as-grown Pb islands usually display a flat-top wedge shape on the stepped substrate, covering about 10 steps with the thickness increasing from right to left. The side view of the wedged islands is schematically shown in Fig. 4(i) . To initiate a new atomic layer to grow on top of the Pb wedge, voltage pulses up to $10 V were applied from the STM tip to the position where the re-growth is expected to start. During the STM pulse manipulation, the feedback was kept active to avoid tip crash, and right after the manipulation, normal STM scanning was resumed to monitor the morphology evolution.
The interlayer spacing of Si ($3:12 Å ) is comparable with Pb ($2:84 Å ) in (111) direction, and thus the Pb wedge thickness varies consecutively in terms of atomic layers, i.e., both the even layered and odd layered regions exist, as marked by dark and gray in Fig. 4(i) . The Pb island shown in Fig. 4(a) , for example, contains number of layers continuously from 15 to 24. Due to the formation of QWS, the electronic structure, especially the DOS(E F ) of Pb films, changes periodically with a period of $2 ML in terms of the position of the highest occupied (or lowest unoccupied) QWS (see §4 for details), inducing higher total electrons' energy in odd layered regions than in even layered regions, as documented in last section. Therefore, the even layered regions are more stable than the odd layered ones in terms of the QSE. The electronic oscillation with thickness on Pb wedge was also investigated through STS measurement previously. 4, 5) In the thickness regime where the QSE dominates over the classical step effect that induces the flat-top morphology, one more atomic layer are anticipated to be added to the odd layered regions to decrease the quantized electrons' energy and thus the total energy. However, to reach such a quantum lowest energy state (all regions on the Pb wedge are even layered), the kinetics barrier has to be overcome to reach the right growth pathway. While, in the thickness regime where the QSE is comparable with the classical step effect, the system is frustrated to satisfy both the electron energy and step energy at the same time.
The kinetics barrier can be overcome by the STM manipulation and massive atom transport is then initiated in a controllable manner, transforming the wedge morphology and swinging it back and forth between the two extreme states [Figs. 4(i) and 4(j)] favored by either effect. By applying a voltage pulse, one more atomic layer starts to grow spontaneously from where the pulse was applied, as marked by the arrow in Fig. 4(a) , on only the odd layered regions and the even layered regions were left unchanged. Such kind of triggered growth is featured by strip-flow growth.
55) The strip-flow growth continued until the wedge transformed into the QSE minimized state, i.e., the Pb wedge with whole regions even layered, as shown by Figs. 4(d) and 4(j). After the strip-flow growth completed, the strip-top Pb wedge would recover the flat-top again by growth of the atomic layer onto the original unchanged even layered regions (image not shown). During the flat top morphology recovery, the surface step energy is decreased, while the quantum electrons are driven to a higher energy state.
The QSE driven strip-flow growth can dominate over the flat top recovery only if the kinetics barrier was overcome. By applying a second voltage pulse before the flat top recovery started, a double layer growth, driven by QSE, was triggered as shown in Figs. 4(e)-4(g), and Fig. 4(k) . 55) Again, when left alone, the growth will ultimately proceed to restore the flat-top configuration [Figs. 4(g) and 4(h)]. As long as the thickness of the Pb wedge is increased to exceed $26 ML (critical thickness), the transition from the QSE driven strip-flow growth to the classical growth, 56) wetting the wedge edge followed by vacancy island decay, took place, as shown in Fig. 5(a) . On the other hand, the quantum beating pattern on the function of surface energy vs the thickness is also observable in real space when the thickness is decreased to about 17 -18 ML. Figure 5(b) shows that the strip-flow growth takes place on the thicknesses of 16, 19, 21 , and 23 atomic layers, while both 17 and 18 layered regions are not changed. It means that, at the thickness above 17 -18 MLs, the even layered regions are stable, while at the thickness below 17 -18, the odd layered regions are more stable, indicating the QSE on these two regions are not strong enough to dominate over the classical step effects, and in agreement with the previous report. 15, 32) The competing between the QSE and CSE can be more clearly seen from the intra-layer diffusion of the growing atomic layer. Figure 6 shows a part of Pb wedge which are triggered by a voltage pulse of þ7 V at $240 K. Figure 6 (a) shows the intermediate state when the strip-flow growth has not completed. Since the growth is triggered at low temperature, the growth rate is slow enough to capture the growth front evolution with time. The intra-layer diffusion from even layered region to odd layered regions took place at the places marked by arrows in Fig. 6 . Evidently, the classical step effect would drive the growth front to circular shape to decrease the total step length, while the QSE would confine the growth front exactly alongside the substrate steps. Since the QSE dominate over CSE at this thickness regime, the net Diffusion rate is also confirmed to oscillate up and down with the thickness, indicating that it is also mediated by QSE. Figure 7 shows the time evolution of the growth areas of four stacked atomic layers alongside the Pb wedge edge at $240 K. Two different slopes (growth rates) can be easily distinguished, with the higher rates (the first layer at 41 and 64 min) took place on the odd layered regions and the slower (the first layer at 50 min and the third layer at 64 min) on the even layered regions. The diffusion rate oscillation provides another evidence to rule out the strain effect, and thus confirm the QSE is the main driving force on the triggered growth.
In this part, the STM voltage pulses are used to trigger the new atomic layer growth on top of the Pb wedge. The morphology evolution of the new atomic layer is driven by QSE and CSE alternately for different thickness regime. Additionally, the kinetic barrier has to be overcome to initiate the growth, which has been realized by applying a STM voltage pulse. The growth rate and the intra layer diffusion are also confirmed to be mediated by QSE. 39) 3.3 Thickness-dependent adatom surface diffusion QSE on epitaxial growth of ultrathin metal films, in particular ultrathin Pb films on Si(111) substrate, has attracted considerable attention recently. 4, 5, 27, 28, 36, 37, [53] [54] [55] 57) These studies have greatly enriched our fundamental understanding of epitaxial growth of thin films by revealing many new insights, since quantum effects are generally ignored in the conventional view of epitaxial growth. The study of QSE in this aspect will certainly also impact on fabrication of metallic nanostructures and nanodevices.
Epitaxial growth process is generally controlled by the competition between thermodynamic and kinetic factors. One may expect that for very thin metal films, QSE will affect not only growth thermodynamics but also kinetics. However, the existing studies of QSE on growth of ultrathin films have focused mostly on growth thermodynamics, 15 ,30,32,38,56) e.g., the energetics and film stability. In addition to the intriguing bi-layer growth discussed in the last section, here, we demonstrate by experiments and simulations the QSE on surface diffusion coefficient, a fundamental parameter of growth kinetics, through the measurement of island nucleation density at the early stage of growth. Surface diffusion is the most fundamental kinetic factor in controlling the epitaxial growth process, and hence a subject of extensive studies. 58) On the surface of a very thick metal film, surface diffusion coefficient is generally a constant, characteristic of a given surface. It is well known that QSE has a profound impact on the stability of ultrathin metal films. 4, 5, 15, 27, 28, 30, 32, [36] [37] [38] [53] [54] [55] [56] [57] Intuitively, however, it is difficult to envision how QSE would change surface diffusion.
One way to derive surface diffusion coefficient is by measuring island nucleation density at the early stage of epitaxial growth in the sub-monolayer regime, using STM. 59, 60) We have applied this method to explore the QSE on surface diffusion, using nucleation/growth of Fe islands on Pb thin films of different thickness as a model system of study. By counting Fe island density under the same conditions and comparing the kinetic Monte Carlo (kMC) simulations with the experimentally measured island densities, we could deduce the surface diffusion barrier on a 21 and 26 ML Pb film to be 204 AE 5 and 187 AE 5 meV, respectively. As a further illustration, we also carried out growth experiments on wedged Pb films of different layer thickness, where the density of Fe islands exhibits an oscillatory behavior, being consistently higher on the odd-layer film than on the even-layer film.
Fe islands were grown on top of Pb films at both LT and RT by evaporating Fe from a tantalum boat by direct current heating. The deposition rate was approximately 0.08 ML/ min. In situ STM measurements were conducted at RT.
Because of the low solubility and large surface energy difference between Fe and Pb, the Fe islands nucleate and grow into a conglobated shape at both LT and RT. At a very low coverage, the islands have an average diameter of 2 -2.5 nm and an average height of 0.25 -0.35 nm. With increasing coverage, the islands grow into a fractal shape with increasing ramification and their height gradually saturating at $0:6 nm. be nearly two times of that ($0:73 Â 10 11 cm À2 ) on the 26 ML film. We have also checked the average island size on the two films; the island size on the 21 ML film ($54 nm
2 ) is about one-half of that (93 nm 2 ) on the 26 ML film. Given the same island height ($0:67 nm), this is consistent with the same nominal Fe coverage of $0:24 ML on the two films.
The most reasonable explanation for the observed island density difference is a thickness-dependent surface diffusion coefficient due to the QSE, since other growth parameters, the temperature and the deposition flux, are kept the same. According to the classical nucleation theory of epitaxial growth, [59] [60] [61] the island density (N) depends on deposition rate (F) and surface diffusion coefficient (D) in the submonolayer regime. For isotropic surface diffusion and the critical nucleus size of one, the island density follows the scaling relation of N / ðF=DÞ 1=3 . [59] [60] [61] Therefore, the different island density on the 21 and 26 ML film is mainly originated from the different surface diffusion coefficient on the two film surfaces. Assuming the prefactor of attempt frequency for surface diffusion is the same, we derive the difference of surface diffusion energy barrier on the two surfaces to be in the range of $28 meV, using the deposition temperature of 150 K.
The above experiments provide not only a direct proof of QSE on surface diffusion but also a quantitative measure of diffusion barrier difference induced by QSE. Moreover, it has been demonstrated before 59, 60) that one can obtain the absolute diffusion barriers by matching the island densities from kMC simulations to the experimental results. Normally, this is done by simulating island density as a function of temperature (i.e., an Arrhenius plot) on a given surface of single diffusion barrier. Here, however, we will instead simulate island density as a function of diffusion barrier at the given deposition temperature, since the experiments were performed under identical conditions with different diffusion barriers on different surfaces.
We used a solid-on-solid model and a simulation cell of 164 Â 142 hexagonal grid (100 Â 100 nm 2 ). The choice of using a hexagonal cell was made based on recent firstprinciples calculations 62, 63) which showed that the adatom surface diffusion on Pb(111) film surface takes effectively a hexagonal pathway with the fcc and hcp hollow sites being respectively the minimum-energy and saddle point.
In accordance with the experiments, the simulations were carried out at 150 K, using a deposition rate of 0.08 ML/min up to a total coverage of 0.24 ML. The attempt frequency for adatom diffusion was set at kT=h ¼ 3:12 Â 10 12 s À1 . For each given diffusion barrier, simulations were repeated 10 times to obtain a statistical average island density. Figure 9 shows the simulated island density as a function of surface diffusion barrier in a semi-log plot. The solid line is a linear fit to the simulation data, as predicted by the classical mean-field nucleation theory. [59] [60] [61] The data appears to be slightly sublinear, which is caused by island coalescence at higher densities that is not accounted for by classical mean-field theory. By matching the simulated island densities to the two experimentally measured values on the linear curve (see dashed lines in Fig. 9) , we obtain the Fe surface diffusion barriers on the 21 and 26 ML Pb film to be respectively 204 AE 5 and 187 AE 5 meV, with a difference of 17 meV. This difference is a few meV smaller than the estimate ($28 meV) by the simple scaling of experimental densities, indicating that the simple mean-field scaling of experimental densities would overestimate the barrier difference.
Comparing the solid line (3D island results) with the dashed line (2D island results) in Fig. 9 , one sees that the dashed line has a slightly smaller slope. This is caused by the coalescence of laterally larger 2D islands at higher densities as shown by the simulations. But the overall difference between the 3D and 2D island simulations is small, indicating that the nucleation density is largely determined by the adatom-adatom collision rate, with the critical size of one, and less dependent of the shape that the island grows into. We note that in our analysis and simulation, we assumed critical nucleation size of one atom independent of film thickness. One can imagine that if QSE can strongly change the binding between adatoms and hence the critical size, then it may also induce oscillation in island density. This could be a very interesting subject for future studies.
We carried out also another set of experiments depositing Fe on wedged Pb films on a vicinal Si(111) substrate consisting of a staircase of steps, where Fe island will simultaneously nucleate on one flat surface of Pb film but of different underlying film thickness. This allows a direct comparison of island density in different surface regions, as illustrated in Fig. 10 , which shows the STM image of $0:08 ML nominal Fe deposition at RT on a wedged Pb island of varying thickness from 10 to 15 ML. The wedge Pb film has a flap top, so its thickness changes by one atomic layer when passing over a substrate step.
Evidently, the Fe island density displays an interesting odd-even oscillation, with higher densities on the surface region of the odd-layer film (e.g., 11 and 13 ML) than those of the even-layer film (e.g., 12 and 14 ML). Island counting on a number of such samples shows that the average island density on the odd-layer surface ($2:95 Â 10 10 cm À2 ) is $55% higher than that on the even-layer surface ($2:03 Â 10 10 cm À2 ). Here, we exclude the two outmost layers, such as 10 and 15 ML in Fig. 10 , on which the island density is much lower because deposited adatoms have diffused out of island edges.
This experiment has the advantage of uniform deposition rate and temperature than separate experiments to illustrate directly the film thickness dependent island densities. However, we found a quantitative derivation of diffusion barriers is difficult due to several other complications. First, many adatoms have diffused out of the wedged film. There are clearly denuded zones around the film edge and the final coverage is respectively $0:024 and 0.016 on the odd-and even-layer films, which are much smaller the nominal deposition ($0:08 ML). As a result, mean-field theory counting the total deposited atoms is not applicable. Second, first-principles calculations 62, 63) showed that in addition to diffusion barriers, QSE modulates the adatom binding energies. This causes a difference in adatom chemical potential in different surface regions, leading to non-uniform surface coverage, as seen in the observed final coverage differences in the different surface regions. This would in turn affect the island nucleation densities.
Nevertheless, if the island density oscillation were assumed to be solely caused by difference in surface diffusion, we could roughly estimate the average surface diffusion barriers on the odd-layer films is $34 meV higher than those on the even-layer films, using the classical nucleation scaling relation and neglecting the difference among the odd-or even-layer films, i.e., 11 vs 13 ML or 12 vs 14 ML. So, the two sets of experiments seemed to indicate that the QSE induced surface diffusion barrier difference is larger on thinner films (11 to 15 ML) than that on thicker films (21 vs 26 ML), which is consistent with one's physical intuition.
Several other recent experiments have also indicated indirectly the QSE on surface diffusion. For example, it has been found that the Pb island nucleation on top of a Pb mesa starts from the edge on a five-layer mesa but from the middle on a six-layer mesa, 64, 65) and the growth rate of the overlayer depends on mesa thickness. 39) These phenomena, however, involve heavily other growth parameters, in particular the mesa edge or step edge barriers, which makes the determination of diffusion barriers very difficult. In contrast, our experiments here isolate the surface diffusion barrier as the most direct kinetic parameter to be quantitatively determined. On the other hand, first-principles calculations have indeed shown a large QSE on Pb adatom diffusion barriers on Pb(111) film. 64, 65) Future calculations may be done for Fe adatom diffusion on Pb(111) to be compared with our experiments.
We have tried to account for these complications by performing kMC simulations. In this case, we divided the 400 Â 400 simulation cell into two equal 200 Â 400 subcells of different surface diffusion barrier: the center cell with a diffusion barrier of 168.5 meV and the outer cell with 212.5, whose average was set the same as that on the 21 and 26 ML film with a difference of 34 meV. We used the periodic boundary condition in the x-direction to mimic the two center regions of the wedged film. In the y-direction, we set the 75% adatoms to disappear at the boundary and 25% being reflected back, which will amount to the final average coverage of 0.02 ML after 0.08 ML nominal deposition. Figure 11 shows the simulation result at T ¼ 300 K. The resulting island density is respectively $2 Â 10 10 and $3 Â 10 10 cm À2 . The underlying physics giving rise to the QSE on surface diffusion barrier might be rather complex. The experiment 66) has revealed that the highest occupied quantum well states near Fermi level show an oscillatory behavior in Pb films, which will likely affect the adatom surface binding energies. First-principles calculations 64, 65) showed the Pb adtaom binding energies on the Pb(111) surface at both the minimum-energy (hcp hollow sites) and the saddle (fcc hollow sites) points oscillates with film thickness but with different oscillation magnitude, leading to an oscillating diffusion barriers. In the general, the adatom has lower binding energy and higher diffusion barrier on a more stable film than those on a less stable film.
In summary, three different experiments, homoepitaxial growth of Pb thin films, STM stimulated Pb island growth and Fe island growth, consistently reveal the interesting aspect of surface kinetic processes in this quantum system. The observed oscillating growth behavior in all three cases strongly suggests that it is a result of the electronic structure modulation by QSE along the film normal direction.
Band Structure Determination and Film Stability Interpretation
To understand the magic stability of the Pb films, including the unique growth behaviors discussed above, photoemission study was performed. In a photoemission experiment, the QWS of a flat thin film are characterized as a set of discrete sharp peaks in the PES spectra [ Fig. 3(c) ]. By fitting the energy (the peak position) of QWS in Fig. 3(c) with the phase accumulation model, 2,3) the band structure of Pb can be obtained. For s-p metals, the quantized energy levels (or QWS) are often described with the phase accumulation mode,
where kðEÞ is the electron wave vector along the ÀL(111) direction, s ðEÞ and i ðEÞ are the phase shifts for an electron upon reflection at the surface and the interface, respectively. n (an integer) is the QWS index, N is the number of atomic layers in the film, and d ¼ 2:8435 Å is the lattice spacing along the ÀL direction.
67)
Because the phase shift depends strongly on the electron energy, the wave vector kðEÞ at a given energy can be calculated with a simple formula,
where N 1 and N 2 correspond to the film thicknesses with the same QWS energy (E), and their index is labeled with n 1 and n 2 , respectively. kðEÞ as determined by this method is shown in the insert of Fig. 12(a) , where the QWS energy exhibits an approximately linear dependence on k. Since this energy band comes from band folding from the second Brillouin zone, we fit the band using 
À1 before the band folding. This value is very close to the value of 1.596 Å À1 obtained from the de Hass-van Alphen measurement within an extended Brillouin zone scheme. 67, 68) We further fit the QWS energy in the E-d plane [ Fig. 12(a) ] by assuming a linear dependence of the total phase shift on energy, i.e., s þ i ¼ ða Â E þ bÞ. The fitted result (diamonds) is in good agreement with the experimental results (shadowed squares). The value of k F ¼ 0:611 Å À1 leads to a Fermi level crossing of the QWS at every ÁN ¼ =ðk F dÞ(ML) ¼ 1:8 ML, similar to a previous theoretical calculation. 57) This explains our photo- emission data in Fig. 3(c) that the highest occupied QWS above 21 ML oscillates (with respect to E F ) with a nearly 2 ML period. The 2 ML oscillation was found to result in a spectacular oscillation of the superconducting transition temperature, as discussed below. 36, 37) The small difference between 2k F and k BZ generates a ''beating effect'' with an oscillation period of =ð2k F À k BZ Þ ¼ 9 ML, 57) since the thickness of a film is always an integer in terms of the number of atomic layers. In Fig. 12(a) , the QWS labeled with index P (defined as P 3N À 2n) crosses E F with a 9 ML period. Whenever the QWS of an odd (even) branch P crosses E F , there will be a switching of the film stability from odd (even) to even (odd) layers. This even-odd switching occurs at 13, 22, and 31 ML, respectively, with an interval of 9 ML. In particular, the films become most unstable if their QWS is right at E F . This situation appears at 11, 20, 29, and 38 ML, again with an interval of 9 ML.
Based on the ''electronic growth'' model, we can understand the novel stability of the Pb films. From our experiment, for P ¼ 2 (10, 12 ML) and P ¼ 3 (13, 15, 17, 19, 21 ML), the occupied QWS of the stable films has a lower energy than the adjacent unstable layers. With increasing film thickness, the energy difference between the odd and even layers becomes smaller, eventually leading to a quasi layer-by-layer growth above 21 ML. Relative surface energy calculation can provide us a global understanding of the novel stability as a function of film thickness. 69) Based on the experimental results, we calculated the surface energy of the Pb films in a Friedel form 32) 
where k F ¼ 1:598 Å À1 from our experiment, d ¼ 2:8435 Å is the atomic layer spacing, ¼ 0:938, and A and B are constant. ÁN is the additional thickness caused by the quantum well width change associated with the charge transfer between the Pb overlayer and the substrate. As shown in Fig. 12(b) , eq. (3) represents a damped sinusoidal function with a Friedel oscillation wavelength that is half of the Fermi wavelength (1.8 ML in Pb), riding on an envelope ''beating'' function with a 9 ML internodes distance. The film stability observed in our experiments is consistent with this calculation.
Clearly, the stability of the Pb films is closely related to the electronic structure or the formation of QWS, thus is modulated by the QSE. The double-layer growth mode and turn-over points observed in the growth behavior discussed in §3 are simply a manifestation of this effect.
Novel Properties of Pb Thin Films Induced by
Quantum Size Effects
Local work function
Work function, defined as the minimum energy required for an electron to escape from the surface, is one of the most fundamental properties of a material, as it determines the degree of difficulty of electron emission as well as the surface reactivity of the material. With the rapid development of lower-dimensional electronic devices, LWF measurement of nanostructures becomes more and more important in order to understand how electron behavior changes via geometric confinement in the nanoscale. 70) The theoretical and experimental studies on the LWF changes due to the alkali metal adsorption, 71) the crystallographic orientation 72) and the surface steps 73) revealed that the changes are closely related to the local density of states near the Fermi level.
As shown above, the formation of QWS dramatically modulates the DOS(E F ) when the film thickness is varied. LWF should show similar quantum behavior with respect to local thickness change. Previous studies have shown the evidence of an oscillatory work function over film thickness, [74] [75] [76] [77] [78] [79] however, experiment measurement of LWF of a nanostructure is essentially difficult since it requires high spatial resolution and high sensitivity in terms of the very local variation.
In the past, several approaches such as photoemission from adsorbed xenon (PAX), 80) two-photon photoemission spectroscopy (2PPE), 81) and local Kelvin cantilever 82) have been developed to study the LWF. Nonetheless, it has been shown that STM with a lock-in technique is, to date, the most powerful tool for imaging the morphology, as well as the LWF with atomic resolution, for example, for Au/ Cu(111) 83) and Pd/Cu(111). 84) As a matter of fact, Binnig and Rohrer, the inventors of STM, are the first to measure the LWF for metal and semiconductor in the very early stage of STM.
85) The LWF is closely related to the potential barrier between the STM tip and the sample surface. Hence, one can measure the LWF by changing the STM tunneling distance and then monitoring the response in the tunneling current.
For Pb films, Wei and Chou theoretically predicted that the LWF changes with the thickness. 57) To establish a convincing relationship between LWF and QSE, in this study we used wedge-shaped Pb islands grown on vicinal Si(111)7 Â 7 substrates (see §3.2), 4, 5) which allow continual measurement of the LWF at different thickness N under identical conditions. In the measurement, a sinusoidal ac voltage signal at 2.0 or 3.0 kHz was applied on the z-axis piezo of the scanner to modulate the distance between the tip and sample surface within a range of 0.7 Å . Response tunneling current was collected by a lock-in amplifier to yield the LWF images. The morphology and LWF images were collected simultaneously. STS measurement was carried out to characterize evolution of QWS with N by applying a modulation signal to the sample bias at the same frequency (2.0 or 3.0 kHz) with the bias ramping from À1:5 to 1.5 V to record the differential tunneling current also by lock-in. Figure 13 (a) shows an STM image of the Pb islands with thickness increasing from left (11 ML) to right (15 ML). The inset shows the atomic resolved STM image of the top (111) surface. A cross-section profile along the back line scan in Fig. 13(a) is shown in Fig. 13(b) , which reveals the flat top nature of the Pb island despite that it is crosses laterally several Si steps.
Figures 13(c) and 13(d) show the topography and LWF images of the island taken simultaneously. Buried interfacial structures were observed on the topographic images, which have been explained in terms of a non-diffractive scattering of the quantized electrons in the QWS. 4, 5) From the LWF image, we can see clearly the difference in terms of N: even layers (12 and 14 ML) have larger work functions than odd layers (11, 13, and 15 ML). This implies that electrons in the 12 and 14 ML regions need more energy to escape from the surface than those in their respective neighboring regions.
The LWF image in Fig. 13 (d) was obtained as a perturbation to the natural logarithm of the current (d ln I) modulated by the change of the tip-sample distance (ds), and is strictly speaking not the LWF. According to the tunneling theory, the relationship between the current and potential barrier , which defines the LWF, can be described as I / expð2 ffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 2m=h " p Þ. Therefore, the LWF can be written as:
To obtain from the LWF image, we select for each N a homogeneous and defect-free area, record d ln I, and then select the peak position from the Gaussian-type energy distribution on its histogram. By applying eq. (4), the value for can be obtained. Figure 14(a) shows the LWF from 11 to 34 ML, an even-odd oscillatory pattern and a 9 ML beating envelope are clearly observed. Changes in LWF reflect subtle changes in the local DOS near the E F , as only electrons near the Fermi level can effectively contribute to the measured .
Note, however, that measured by the STS depends somewhat on the applied voltage 86) and other parameters related to the distance between tip and sample surface, so the absolute values in Fig. 14(a) may be off from the exact ones. To see this effect, we compare the results at two different modulation distances, 0.7 and 0.1 Å respectively, in Fig. 14(b) . It can be understood that the deviation is larger for larger modulation distance, because in a given time d ln I may not respond fully to the larger increment in ds. However, the relative change of the LWF from layer to layer, which is the most relevant quantity in this study, does not seem to depend on the choice of either the modulation bias or the distance. Figure 14 (a) shows larger LWF for even layers than for odd layers for N between 11 and 17 ML, whereas larger LWF for odd layers for N between 19 and 26 ML. The trend reverses again at 27 ML. Overall, the bilayer oscillation of the LWF is concomitant with an envelope function of beating at approximately 9 ML. Although the oscillation in term of the exactly layer is different from the theoretical work in ref. 53 [inset in Fig. 14(a) ], as free-standing film was considered in the calculation, the measured oscillatory periodicity and beating behavior show quite reasonable agreement with theory. The same trend has also been observed recently in the surface energy (see §4). 66) Such an observation can be reasonably well described by a Friedellike function of F =2 and 2d along the [111] direction. 15) We resort to the DOS(E F ) revealed by the dI=dV measurement, to explain the oscillatory behavior of the LWF. Figure 15 shows the dI=dV spectra for N ¼ 13 to 26 ML above the wetting layer. The dotted line at 0 V is the Fermi level. When N increases, the number of occupied quantum states also increases, accompanied by a decrease in the separation between the quantum states. According to the standing wave theory, every F =2 increase in the layer thickness will introduce one more occupied QWS. So with every 2 ML increase, the lowest unoccupied QWS will move across the E F to become occupied, as displayed by the triangles of same shape in Fig. 15 . The change in the DOS(E F ), which modulates the probability of electrons for emission, causes the bilayer oscillation in the LWF. The two traversal states at 17 and 26 ML are noticeable too, as their respective peaks are very close to (but slightly above) the E F : we note that not only 17 and 26, but also 35 and 44 ML are such critical points. They form a sequence of 9-ML interval, which coincides with the nodes in the envelope function of LWF. One can define the energy position of the highest occupied QWS (E HOQWS ) with respect to the Fermi level as ¼ E HOQWS À E F . Figure 16 compares with the LWF. In terms of the oscillation pattern and beating nodes, the two quantities mirror each other perfectly, again suggesting that they are of the same physical origin. The mechanism for LWF oscillation is also manifested directly from this comparison: the higher the film density of states near the E F , the lower the potential for electrons to escape, and hence the lower the work function. Within the limitation of our STM measurement, this rule is valid without exception.
The LWF study presented here reveals different work functions between even and odd layers of the same Pb(111) surface, as well as a 9 ML envelope beating pattern over a wide range of N. With the simultaneous STS measurement, we found that a smaller LWF always corresponds to a layer with its highest occupied QWS closer to the E F . A relationship between the oscillatory LWF and the highest occupied QWS is thus established.
Electron-phonon coupling
Electron-phonon coupling is an important factor that determines the superconductivity of a material. For a conventional superconductor such as Pb, the effective electron-electron attraction necessary for the binding of cooper pairs is ultimately governed by electron-phonon coupling. 87) As we mentioned earlier, the formation of QWS strongly regulates the mechanical stability of films reflected with expansion and shrinkage of interlayer spacing. 88) Both of the factors speak directly to the possibility of modulating electron-phonon coupling and thus superconductivity of the Pb films.
Similar to other spectroscopy, the photoemission spectroscopy does not simply probe the ground state, rather, the resulting decayed excitations (the photoholes), and thus many-body effects such as electron-phonon coupling could be involved experimentally. Recently, prominent progress has been made in the study of the electron-phonon coupling strength () for the surface states in bulk materials [89] [90] [91] or for the QWS in thin films by ARPES. [92] [93] [94] [95] [96] For crystalline metal surfaces, the observed photoemission peak width is proportional to h " =, where is the lifetime of the hole state excitations. At high temperatures (greater than one-third of the Debye temperature) and small hole energies (lower than the bandwidth), the temperature-dependence of the QWS peak width is actually a good measure of the phonon contribution to the hole lifetime. Since the influence of the electron-electron interactions and the defect scattering are negligible in this case, and the inverse hole lifetime can be given by h " = ¼ 2k B T, where equals 2k times the slope of the peak width vs temperature. Here, we employ the temperature-dependent PES to measure . The variable temperature ARPES spectra for the 23 and 24 ML films are shown in Fig. 17 . With increasing substrate temperature, the peak position of the QWS shifts towards higher binding energies while the peak width broadens. 97) To find out the exact relation between the linewidth (ÁE) of the QWS and the temperature, a curve fitting by Voigt profile with Lorentzian line shape was made. The fitting results are plotted in Fig. 18(a) for the films of 22 and 23 ML, where ÁE increases linearly with increasing temperature and exhibits prominent different slopes for the adjacent layers. According to the previous discussion, this slope is related to via
The values derived from the QWS peaks for different film thicknesses are shown in Fig. 18(b) (triangles) , where only the values for stable layers (15, 17, 19, 21, 22, 23, 24 ML) are plotted. Besides an overall gradual increase of towards the bulk value (1.55), an oscillation of with a period of 2 ML is clearly noted from 21 to 24 ML.
Thermal expansion
Temperature-dependence of PES spectra width was used to investigate many-body effects with regard to electronphonon coupling. 89, [94] [95] [96] [97] [98] Below, we would show that the peak positions, i.e., the binding energies of the QWS in the temperature-dependent spectra, could be used to understand the thermal expansion behavior of thin films. From this dependence, we could deduce the thermal expansion coefficients of the Pb films of different thicknesses along the film normal direction.
Shown in Fig. 17 are the temperature-dependent photoemission spectra of 23 ML [ Fig. 17(a) ] and 24 ML [ Fig. 17(b) ] Pb films. From the spectra, the film morphology assumes an atomically flat surface over a macroscopic scale. Again, the strongest peaks correspond to the highest occupied QWS. Note that for both films including other films studied, the QWS peaks shift always towards higher binding energy with increasing substrate temperature, and the maximum shift of the QWS binding energy is less than 100 meV in a temperature range from 75 to 270 K. A dramatic difference between even and odd Pb layers can be clearly detected. For example, the net shift for the films of 23 and 24 ML are 84 and 65 meV, respectively.
Such thermal-induced binding energy shift in QWS was observed in Ag/V(100) and Ag/Fe(100) systems previously, 94, 95, 98) but the results were opposite: as the film temperature is elevated the binding energy increases in Ag/V(100), but it decreases in the case of Ag/Fe(100). The reason is that the substrate V(100) has a significantly lower thermal expansion coefficient compared with the Ag overlayer. For Ag/V(100) and Pb/Si(111), the behavior seems similar. Generally speaking, thermal expansion increases the lattice constants of both the epitaxial film and the substrate, which will subsequently, in terms of the simple phase accumulation model, 2, 3) increase the width of quantum well and lower the Fermi level, in addition to a possible phase shift change at the interface between the film and the substrate. In a 2D system, change of the phase shift at the interface was proved to play minor effects. 99) Therefore, the dominant factor in the observed binding energy shift should mainly arise from the first two factors.
To quantify our results, the temperature-dependence of the QWS binding energy for several Pb films is fitted linearly and shown in Fig. 19(a) . While the increased binding energy of the QWS in Ag/V(100) system was explained as that the energy of the QWS decreases more than the Fermi energy of the substrate, 94) we attribute it to a different reasons, namely the thermal broadening of the confinement well width, in addition to variation of the Fermi level of Pb films. For Pb/Si(111), when temperature (T) increases, E F of the Pb film drops much more than E F of Si does due to the dramatic difference in their thermal expansion coefficients, so there is a charge transfer from Si to the Pb film. These charges only stay at the Pb-Si interface (no charge is expected in Pb film), which shift up all energy levels equally of the Pb film until E F (Pb) ¼ E F (Si) is satisfied. Therefore, the Fermi energy of Si and its change have minor effect on the relative shift of the QWS in the Pb film. Within a simple free electron approximation, the temperature-dependence of the Fermi energy of a bulk material is described as,
where r is the linear thermal expansion coefficient of the material, and E F is its Fermi energy relative to the bottom of valence band. For the thermal induced shift of of the substrate Fermi level, r can be selected as 2:8 Â 10 À6 K
À1
(the bulk value). As for the thermal induced shift of the QWS energy, such approximation should be reasonable regarding to the fact that the QWS energies of the Pb films involved are within a small energy window of 0.6 eV below the Fermi level, which has been successfully used to determine the Pb band structure. 66) The thermal-induced shift of the QWS energy (E QW ) with respect to the bottom of valence band has a form of,
where Z is the linear expansion coefficient along the confined direction. We calculated the linear thermal expansion coefficient of the Pb films in the confined direction by the experimental thermal shift of QWS binding energy in terms of eqs. (6) and (7), and the results are shown in Fig. 19(b) . Several observations can be made: (1) the thermal expansion coefficients in the film normal direction are greatly enhanced compared to the bulk Pb; (2) there is a 2 ML oscillation for the Pb films from 21 to 24 ML; (3) the overall trend is that a lower expansion coefficient corresponds to a film with a higher QWS binding energy.
Since the thickness of the Pb films is very small, the linear expansion coefficient in the film plane (xy plane) should be very closed to that of bulk Si, while in z direction, a great enhancement can be expected because of what called Poisson effects and that the linear expansion coefficient of Si (2:8 Â 10 À6 K À1 ) is one order of magnitude lower than that of Pb (2:89 Â 10 À5 K À1 ). To understand the global enhancement of the linear thermal expansion coefficient along the confined direction, we use r , P , and Z to describe the linear expansion coefficient of the free standing film, the confined film in the film plane, and the film normal (z) direction, respectively. Z can be expressed as
where is the Poisson ratio. Substituting r and P by the linear expansion coefficients of bulk Pb and bulk Si, respectively, and taking as the Poisson ratio of bulk Pb (0.44), we obtain that Z equals 2:414 r . That means, in an ideal case, the thermal expansion in z direction should be enhanced by 2.414 times of the bulk value, which is adequate to explain the global enhancement of our experimental data in Pb/Si (111) . Another important feature is the periodic oscillation of the thermal expansion coefficient. Note that F of Pb is nearly four times of the atomic plane spacing (d 0 ) along the (111) crystallographic direction, namely F % 4d 0 , thus, the periodicity for the Fermi level crossing of the QWS is about 2 ML. This has been used to account for the bi-layer oscillation in Pb film stability. 57) A straightforward explanation of this oscillatory phenomenon comes from the socalled misfit function, 100, 101) ðnÞ
where n is the number of atomic layers, and m is an integer and will be selected to make a minimum. Generally speaking, a dramatic mismatch, a large , will not make the electron standing wave fit properly into the potential well (nd 0 ). For the Pb films of 21 or 23 ML with a lower QWS binding energy, is close to F =4 (its maximum value). In this case, further change (either decrease or increase) of the confinement well width will always decrease the mismatch and thus the system energy, making the expansion easier. Consequently, a large expansion coefficient can be expected for an unstable film with a large . On the other hand, for a stable layer (22 or 24 ML) with a higher binding energy and a small (close to 0), expansion will always increase the mismatch between nd 0 and m F =2, is more energetically unfavorable. Hence, the oscillatory film stability and expansion coefficient are of the same origin, and are due to the electronic energy quantization 41) in this system.
Superconductivity
2D thin film superconductors are defined by reducing the material size below the coherence length in one direction. 102) For conventional superconductors such as Pb, the coherence length 0 (83 nm for Pb) 103) is very large compared to atomic dimensions and the electron Fermi wavelength ( F ) ($1:06 nm). Therefore, 2D superconductors are still made of 3D electrons; only the condensate wave function for the cooper pairs may be regarded as 2D. A common trend of such 2D superconductors is that the transition temperature T c is reduced continuously as the film thickness is decreased, which is caused by enhanced quantum fluctuations of the phase of the condensate wave function for thinner films. 104, 105) Oscillatory behavior in T c from QSE was suggested in early theoretical works, 106, 107) and experimental observation of such effect was claimed in an experimental study of thin Sn films.
12) However, the observed T c oscillations differed quantitatively from the theoretical predictions and there was no corresponding oscillations in the normal state resistivity as expected. The results were explained later 108, 109) as due to QSE in the grain structures of the films which were indeed typically polycrystalline and granular in nature. Conductance measurement of ultrathin Pb films on Si(111) showed clear variations in T c , but the data was insufficient to establish an oscillating period. 110) As shown above, we are able to grow ultra-thin crystalline Pb films on Si(111) substrate with atomic-scale uniformity in thickness over a macroscopic area, and thus can make transport measurement on the film and identify the superconducting transition temperature as a function of the number of atomic layers in a well-controlled manner.
The thickness-dependent photoemission spectra measured in situ from these samples [ Fig. 3(c) ] show well-defined QWS peaks, which shift progressively in energy as the film thickness is increased by each atomic layer. Because of the progressing of the QWS in energy as a function of film thickness and their discrete nature, the position of the highest occupied QWS oscillates with respect to E F (0.0 eV) between the odd and even layers. This is further confirmed by our first-principles calculations which show the same oscillatory behavior with higher density of states near E F for the odd layers and lower ones for the even layers. As most physical properties, such as superconductivity, depend strongly on the distribution of electrons near E F , we expect that these properties would also be modulated as a function of film thickness accordingly. Figure 20 shows the superconducting transition temperature T c (black solid balls) as a function of film thickness. Here, T c is defined as the temperature at which the film resistance becomes half of the normal state resistance at T ¼ 8 K, as indicated by the arrow in the inset of Fig. 20 .
We can clearly see that there is an overall trend of increasing T c with increasing film thickness, which is consistent with the behavior of conventional 2D superconductors. Most strikingly, there is an oscillatory behavior in T c above 21 ML with an oscillating period of 2 ML: a higher T c for the even number thickness and lower T c for the odd number thickness. Monotonic behavior below 21 ML is observed, but there the intervening even layers are missing.
According to the Bardeen-Cooper-Schrieffer (BCS) theory of superconductivity, T c depends exponentially on the electron density of states at the Fermi energy NðE F Þ and phonon-mediated attractive interaction V between the electrons in the form of
where T D is the Debye temperature characterizing the energies of the phonons. From the above discussion, we know that the presence of QWS can strongly modulate the NðE F Þ, and thus the oscillatory T c should be closely related to the formation of QWS in the films. For a system in which the QSE are involved, NðE F Þ oscillates as NðE F Þ ¼ ðm Ã =h " 2 tÞ½2t= F as a function of the film thickness t, where m Ã is the effective mass of electrons, h " is the Planck constant, and ½2t= F is the integer part of 2t= F . In our case, the Fermi wavelength F of Pb is about 4 ML, which corresponds to an oscillating period of 2 ML. 15) When the film thickness fits to the integer times of half wavelength, resonance of QWS occurs.
To further identify the role of the QWS modulated DOS in the transition temperature, we also performed magnetoresistance measurement to estimate more accurately the DOS near the superconducting state. The photoemission data we showed before cannot be directly used for this purpose for two reasons. First, those data were collected along the normal-emission direction (perpendicular to the sample surface), which is an incomplete measurement of the DOS. Second, those data were obtained in situ on the bare Pb films without the Au coverage (while the T c were obtained with an Au cap cover); preliminary theoretical and experimental studies show that the Au coverage can significantly shift the energy positions of the QWS in the Pb films because of the change of boundary conditions. According to the GinzburgLandau-Abricosov-Gorkov theory, NðE F Þ of a Pb film is proportional to the slope of the perpendicular upper critical field H c2? in its temperature dependence near T c ,
where is the normal state conductivity. We measured the film resistance (R) as a function of applied magnetic field (H) along the surface normal direction at different temperatures. To avoid trapping flux in, the magnet was discharged to zero in oscillating mode and the sample was warmed up to 8 K before R-H measurement for each temperature. Then the perpendicular upper critical fields H c2? at different temperatures were obtained from the R-H measurements at the field where the resistance reached half of the normal state resistivity R N . The resistance approaches R N very gradually because of the magnetoresistance effects. So we take R N as the resistance where the resistance variation ratio is within 0.1%. In order to remove the influence from the Au cap layer, the normal state conductivity of the Pb films is estimated from the inflexion point of the R-T curves. The measured value (stars) of ÀðdH c2? =dTÞ T c , which is proportional to the density of states NðE F Þ, is plotted in Fig. 20 , a one-to-one correspondence between NðE F Þ and T c in their thickness dependence is clearly observed.
111)
Of course, electron DOS is not the only factor affecting the superconductivity transition temperature. For a conventional superconductor such as Pb, electron-electron attraction necessary for the binding of cooper pairs is ultimately due to electron-phonon interactions. 87) As we mentioned earlier, QWS strongly regulates the mechanical stability of films at different thicknesses, and it is also known that they can cause expansion and shrinkage of interlayer spacings. 88) Both of these facts speak directly to the possibility of modulating electron-phonon coupling by the QSE. In §5.2, we deduced electron-phonon coupling coefficient from the temperature dependence of the widths of QWS peaks, and observed the oscillation of above 21 ML. As a comparison, the measured , T c for the Pb films and the calculated T c from formula Fig. 18(b) . A clear correspondence between and the experimental T c for different layers is obvious, but the variation trend is inversed in amplitude vs thickness above 21 ML. That is to say, a larger corresponds to a lower T c , which can also be explained by the affection of the Au protection layer for T c measurements.
The perpendicular upper critical field H c2? , is an important physical parameter for superconductivity. We also investigated the dependence of the upper critical field on film thickness. The R-H measurements and the method to obtain H c2? have been described above. Figure 21 shows the R-H curves of a 21 ML sample at different temperatures. The arrow points out the defined perpendicular upper critical field at 4.7 K. The upper critical field H c2? as a function of temperature is shown in the inset of Fig. 21 . We observe a perfect linear dependence on T near T c , which is typical for a superconductor with a high value of the Ginzburg-Landau parameter . The inset of Fig. 21 can be used to determine the zero field critical temperature T c by extrapolating the plot to H c2? ¼ 0. T c as a function of thickness, determined in this way, is shown in Fig. 24(a) . Normally, a direct way of determining critical temperature is through the R-T measurement at zero fields. We find that the critical temperatures determined by both methods shows a consistent oscillation behavior and the values are quite close for every thickness.
The reduced R-T curves of Pb films from 21 to 28 ML are shown in Fig. 22(a) . The normal state resistivity n oscillation with film thickness at T ¼ 8 K is shown in Fig. 22(b) . Oscillating behavior either in normal state resistivity 112, 113) or in T c 12) caused by the QSE was reported in single crystalline films or in polycrystalline films, respectively. In our experiments, the distinct oscillation with a defined period of 2 ML of both T c and n were observed, which indicates that the QSE shows up in both the superconducting state and the normal state, suggesting the high quality of our films. However, the intensities and mechanism may vary in different ways depending on the sample conditions. Figure 23 (a) shows H c2? as a function of reduced temperature t ¼ T=T c . For every thickness, the H c2? shows a good linear dependence on t at t ¼ 1. H c2? vs film thickness for t ¼ 0:90 and 0.95 are shown in Fig. 23(b) . It reveals that with the film thickness variation H c2? exhibits an oscillation behavior that is similar to the reported T c oscillation. 36, 37) However, the oscillation of H c2? are out of phase to that of T c , i.e., peaks appears in the odd layer samples where dips appear in the even layer samples, which is opposite to the T c oscillation shown in Fig. 24(a) .
In the early theories on the magnetic properties in thin film superconductors, the Tinkham-de Gennes-Saint-James (TGS) theory 114, 115) was valid showing a good agreement with the experimental results. 116, 119) According to the TGS theory, the upper critical fields H c2? near T c should monotonically increase with decreasing film thickness, which can be described as Fig. 23(b) , calculated using eq. (12) and the related parameters in previous work [116] [117] [118] with film thickness appropriate to our samples, shows the same tendency as the experimental curves if the oscillation are ignored. The measured H c2? values of our sample are three times larger than the calculated values (note the different scales on the two sides of Fig. 23(b) , which may be caused by stronger interface or impurity scattering in our films that gives rise to a large resistivity, thus large H c2? (see discussion below). The linear dependence on t shown in Fig. 23(a) also gives information that for a given film thickness, the temperature dependence follows reasonably well with eq. (12) whether that particular film is at the peak or valley of the H c2? oscillation.
The TGS theory above includes surface scattering effects but does not consider the QSE that occurs in thin films. The absent H c2? oscillation from the TGS theory means that the thickness dependent QSE is the origin of the H c2? oscillations. According to the Ginzburg-Landau (GL) theory, H c2? is determined by the in-plane coherence length == . In a 3D anisotropic superconductor, the perpendicular upper critical field near T c is given by H c2? ¼ 0 =ð2
2 == Þ. Our ultrathin films are thinner than 10 nm, which is much smaller than the Pipard coherence length of 
for the linear dependence on t near t ¼ 1 shown in Fig. 23(a) , H c2? has the same oscillation behavior with the thickness as that of ÀðdH c2? =dtÞ at a certain t. The system should be considered as a dirty-limit superconductor because of the strong scattering. For dirty superconductors near T c ,
2
== % 0 l, where 0 is the Pipard coherence length and l is the mean free path for a film. 121, 122) According to the BCS theory, 0 / 1=T c ; therefore we can get H c2? / T c =l at a certain t. In Fig. 23(b) and Fig. 24(a) , it is shown that the oscillation amplitude of H c2? and T c are about 40 and 10%, respectively. On the other hand, the mean free path l and the normal state resistivity n have the following relation: l ¼ 1= n , from which we can derive H c2? / n T c . In Fig. 22(b) , the n oscillation shows an amplitude of about 60% larger and the same phase as H c2? . The rescaled variation of n T c is shown as Á n T c in Fig. 24(b) , which fits well with the oscillation behavior of H c2? . It implies that the n oscillation dominates over the T c oscillation in H c2? and gives rise to a phase shift between T c and H c2? oscillations. In earlier works, effects of impurity and surface/interlayer roughness on QSE in thin films were theoretically discussed. [123] [124] [125] Although at the moment, we do not have a complete answer to the oscillation behavior of n with thickness for our films, the previous experiments on the layer spacing oscillation provide a strong indication that the modulation of the interface roughness with thickness may play an important role. In that experiment, the interlayer spacing was found to oscillate with a period of quasi-doublelayer and even-monolayer samples have shorter interlayer spacing. This is also supported by the QWS binding energy modulation observed above. 36, 43, 66) The unaccommodating lattice and conduction electrons in the odd-layer samples could induce some lattice distortion and therefore enhance the interface roughness. This enhanced interface roughness might induce a higher resistivity.
We believe the experimental findings in our ultrathin films are due to a variety of QSE. The QSE can show up as either a modulation of the interface roughness induced by the interlayer spacing or a modulation of the phonon modes and the electron phonon coupling, both of which affect the normal state transport properties of the samples, of course, also causing the wave vector quantization along the thickness direction. Under the circumstance, only the components of the electronic wave vector in surface plane, i.e., the x-y plane, have a continuous distribution. Therefore, the electron density distribution is rather inhomogeneous along the z direction. The modulation of the electron density may further feedback to the electron-interface and the electronphonon scattering process and therefore to the mean free path. Another relevant issue is that the GL theory is only a mean field theory, in which all the short distance fluctuations are integrated out. For our ultrathin films, to give an adequate description of all the electronic states and the scattering process, we must go back to the microscopic theory of BCS superconductivity within the subband framework and derive the multiband GL theory. The GL order parameter perpendicular to the film is limited to quantized values and may also show modulation with the interlayerspacing modulation. Each subband may have a different value of coherence in the x-y plane, namely, n;d , where n is the subband index and d is the number of monolayer. In general, H c2? is determined by a matrix equation with m being the size if the matrix in which m is the number of subband below the Fermi energy. In the limit that one of the n;d is much smaller than others, H c2? is predominately determined by this minimum value, which could be much higher than that of the bulk. The story here is similar to that of the newly discovered superconductor MgB 2 , where only two bands are involved. 127, 128) If the film becomes thicker, the number of subbands will increase. The interaction of subbands will weaken the QSE and the coherence length will be close to the average one. The oscillation of H c2? eventually disappears beyond a certain thickness.
The H c2? oscillation observed is opposite to that of the T c in phase and cannot simply be attributed to the modulation of the density of states and T c . To explain both the anomalous oscillation of H c2? and its large value, we proposed a model by considering the interface and the surface scattering and the modulation of coherence length and mean free path induced by the QSE A qualitative description for our findings in our experiments must be based on the interlayer structures, electronic structures, phonons, and electron-phonon and electron-interface scattering processes. Further consideration about flux dynamics is also necessary by including the interface and surface scattering effects and 2D fluctuations in the multiband GL theory.
Recently, the superconductivity modified by QSE of Pb films has attracted more interesting. [129] [130] [131] The T c oscillation was confirmed by the layer-dependent superconducting energy gap measurement by STS with a low temperature STM. Persistent quantum oscillations were observed in the energy gap and the superconducting transition temperature determined from the energy gap. 129) Using the contactless magnetic techniques, a superconducting quantum interference device (SQUID) magnetometer, the dc magnetization loops were measured for different thickness Pb films. It is found that the underdosed films with voids have the highly irreversible magnetization, implies a near-perfect bean-like critical state (a very hard superconductor) with exceptionally strong vortex pinning. While quickly depressed the magnetization is observed for overdosed films with mesas, indicating that vortex pinning with mesas is weak. 130, 131) 
Adhesion force
The adhesion is of fundamental importance for many surface and interface phenomena such as friction, wear, welding and metallic lubrication, which takes place through strong adhesive bonding formation along the interface, including ionic, covalent, metallic, hydrogen, and/or van der Waals bonds whenever two clean solid surfaces are brought into contact. 132, 133) The electronic property at the surface is expected to impact a remarkable influence on adhesive behavior. As the size of objects reduced to nanoscale, the contribution from the deformation produced under light contact force becomes so small that it could be neglected, the adhesion will play a more critical role in friction, wear, welding and metallic lubrication. 134, 135) Buckley et al. 134, 135) showed that, when contacting iron (011) plane with the surfaces of other metals, the measured adhesive forces were closely related to the chemical activity of these metals, and that the electronic structure of the metal surfaces plays an important role. Relationship between the electron work function (EWF) and its mechanical properties for 3d transition metals was also studied, [134] [135] [136] [137] [138] which revealed that a metal with higher EWF had a lower adhesion and friction. This was interpreted to be due to the difference in electronic behavior of these metals. In addition, chemical modification at the surface 139, 140) and superconducting transition 141) were also shown to lead to significant variation in the mechanical properties of a material.
While it is generally believed that the adhesion and other mechanical properties are greatly affected by the object's electronic configuration, the change in electron properties always accompanies with other changes, for example, in chemical composition and structure at the surface in the existing studies. Atomic force microscopy (AFM) is a powerful tool for the study of adhesion in nanometer scale, however, the state of tip can vary significantly in different experiments, which makes identification of pure electronic effect on adhesion difficult. 142) Here we employed the nanoscale flat-top Pb island on stepped Si(111) surface 4, 5) to investigate the effect of electronic structure on adhesion behavior, as we did in surface diffusion study described in §3.3. Electron interference fringes were observed on the Pb wedge islands with STM, indicating a strong modification of the electronic structure by QSE when the surface structure and composition essentially remains unchanged.
We used the Omicron commercial variable temperature beam-deflection AFM sharing the same scanner with the STM as mentioned above.
143) The adhesive force was calculated from the force-distance curve, 132) and the force-distance curve was measured with contact mode, on which a soft silicon nitride cantilever with a nominal spring constant of 0.05 N/m was loaded. The cantilever was 300 mm long, 35 mm wide and 1.0 mm thick with a resonance of approximately 14 kHz. The tip apex radius was less than 10 nm. At each thickness of Pb films, which was calculated from the wetting layer to the top of the islands corresponding to specific Si(111) steps, the force-distance curves were collected at 10 different points under a temperature of 60 K. Then the adhesive forces were figured out and averaged.
The detail of the Pb islands was also described in §5.1 (Fig. 13) . In Fig. 25(a) , we show an AFM image of a similar Pb island prepared by the same way. The thickness of the Pb island changes by one atomic layer on every successive Si terrace, thus eight thicknesses are presented in the island. Figure 25 (b) shows the schematic force-distance curve during the contact process between silicon nitride tip and the surface of Pb(111) islands. The horizontal axis represents the tip-sample distance. The produced force at different distances is given in the vertical axis. As the tip approaches to the sample surface, at point A an attractive force comes out and pulls the tip towards the sample. The first contact between the tip and the surface occurs at point B. From this point on, when the tip is further extended, the force imposed on the tip gets stronger as indicated in the slope part of the curve. The tip experiences an adhesive regime when retracting from the surface. At point C, the tip is finally free of interaction with the surface. The horizontal distance between point B and point C multiplied by the spring constant of the cantilever gives the adhesive force. 144) The dependence of adhesive force on thickness (from 10 to 14 ML) is presented in Fig. 26 . The adhesive forces exhibit a clear oscillation behavior.
Considering 142, 145) the contact between a sphere and flat surface, according to the Johnson-Kendall-Roberts (JKR) theory, the adhesive force depends on the work of adhesion w directly by
where R is the radius of the tip. The work of adhesion w is linked to the surface energies of the Pb islands 1 and the tip 2 and their interfacial energy 12 as
In our experiment, the tip condition is unchanged during taking the same image and the surface energy of tip 2 can be treated as a constant. Thus the change in adhesive force shown in Fig. 26 is owing solely to the change in surface energy at different thickness.
Surface energy is mostly determined by the surface electronic structure. 137, 138, 146) A semi-empirical linear equation between them is built up and expressed as: Ã is the electronegativity parameter. In the present case, formation of QWS significantly modifies the electron density near the Fermi energy, 70, 149) which leads to a 2 ML period oscillation. Consequently, the surface energy should oscillate as well according to eq. (16), in agreement with the theory. 57) An important factor influencing the measurement of adhesive force is the surface roughness, as discussed in the previous theoretical and experimental works. [150] [151] [152] [153] [154] [155] When two rough surfaces are brought into contact, the real contact can happen only on the protruding points of the interface. That is, the real area of contact can be decreased as a result of surface roughness, which subsequently decreases the adhesive force. 150, 151) This is not the case here since the Pb island surfaces are atomically flat (Fig. 13 ). All these observations unambiguously reveal that the oscillatory adhesion forces originate from electronic effects associated with formation of QWS, which is a manifestation of strong QSE along the surface normal direction.
Conclusions and Perspectives
By growing atomically flat Pb films on Si(111) substrates in macroscopic scale, we are able to address the well-known 1D ''particle in a box'' problem and investigate various novel properties of such quasi-2D electronic systems induced by QSE. By using ARPES, STM/STS, AFM, and transport measurements, we have shown clearly how the formation of QWS could dramatically modulate the DOS(E F ) and thus regulate surface diffusion, superconducting transition temperature, perpendicular upper critical field, thermal expansion, LWF, and surface mechanical property (adhesion force).
Obviously, these studies are still preliminary, further studies are needed for better understanding the observed phenomena, and more areas need to be explored. As we showed above, the LWF is modified by QSE. Therefore, surface adsorption and chemical reactivity should be affected by QSE. Recently, we have carried out low temperature O 2 adsorptions on top of Pb wedge islands, and found both the adsorption and surface oxidation varies layer by layer and exhibit a persistent oscillation. 44) Similar results were reported recently on Mg films on W(110). 18, 19) There are even less studies on friction, optical adsorption, reflectivity and son on.
The fundamental electronic structure of such quasi-2D electronic system is another important topic of interest for further study. It is still not fully understood how the QWS formed in the normal direction affect the in-plane motion of electrons in the film. The lateral effective mass m xy dependence on film thickness was reported on Ag films. 94) More recently, the lateral bound states were observed in Pb and In thin films, a lateral electron confinement due to quantum enhancement of Coulomb interaction was proposed to interpret the results. 156) However, the ARPES measurement suggests a strongly enhanced lateral electron localization (the lateral effective masses in Pb/Si(111) QWS are up to an order of magnitude larger than those from the bulk states or predicted by slab calculations), which was only observed in Pb/Si(111) but not in In/Si(111) system. 157) According to the phase accumulation model, 2,3) the substrate and interface are crucial in the formation of QWS and affect film properties in a significant way as well. A recent study on Ag films on Ge (111) revealed that due to the coupling between the Ag valence electrons and the Ge substrate states, electronic states of Ag within the Ge fundamental gap formed fully confined quantum well states, while those outside the Ge gap formed partially confined quantum well resonances. The crossover from full to partial confinement was marked by a change in linewidth and a peak splitting. 158) By modifying the Si surface with different metals, the interface dependence of quantum wells was observed on Pb films. 159) Another work on the Ag films grown on 1D surface superstructure Si(111)-4 Â 1-In reported that the lateral energy dispersion of QWS showed clear 1D anisotropy instead of the isotropic 2D free-electronlike behavior as expected for an isolated metal film. 160) Modification of interface structure provides another way for modulating the QSE.
Strain is inevitable in such systems. However, this is even less addressed. In an STS study on the Ag films grown on GaAs(110) surface, the s-p electronic band dispersion along the À-L direction was found shifted upward by about 190 meV compared to pure Ag(111) surfaces, which was attributed to the strain effect of the quasiperiodically modulated Ag film. 161) Unfortunately, it is very difficult to experimentally characterize the strain in a nano-meter thick thin film with atomic layer resolution.
In a more general sense, as our STS measurement of Pb thin films has shown, well-defined QWS are even visible at a thickness up to 43 ML, while the calculated oscillation for free Pb films disappears below 20 ML. 57) Obviously, at which point, for which property and by which reason the QSE is important await more delicate theoretical considerations, besides experimental efforts. The ''particle in a box'' is probably the simplest problem in quantum physics. However, in reality, the physics and effects resulted are actually much more complicated than expected, and new models/assumptions may need to develop. Nevertheless, the richness of the QSE induced phenomena observed even only in the Pb/Si(111) system, as discussed here, clearly suggests that this is one of most exciting interdisciplinary research areas in condensed matter physics, material science and chemistry, worth of study on more different materials by various technical approaches.
